Several lines of evidence point to the induction of a qualitative shift in metabolism as a result of the activation of dormant ascospores of Neurospora by heat. Thus, the respiratory quotient of dormant ascospores is about 0.6, whereas it rises to 1.0 at 100 min after activation (14) . Moreover, the rate of increase of acetaldehyde, ethyl alcohol, and pyruvate in activated spores is much faster than the increase in respiratory capacity, so that a qualitative, rather than a quantitative, change must be invoked (27) . Other compounds, such as certain organic acids, appear only after activation and not in dormant cells, and cysteine and fluoroacetate do not inhibit the formation of acetaldehyde until shortly before germination (27) . Finally, endogenous trehalose is not utilized
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BUDD, SUSSMA MATERIALS AND METHODS Preparation of ascospores. Washed ascospores of N. tetrasperma were prepared by the techniques described earlier (17, 25) . Experimental samples consisted of 20 mg of air-dried spores (19 mg, dry weight) for the glucose-uptake experiments, and 300 mg of spores (285 mg, dry weight) for experiments in which the products of glucose metabolism were studied.
Source of labeled glucose. Randomly labeled glucose was isolated chromatographically from radioactive photosynthate of leaves of Nicotiana (kindly supplied by J. R. Distler), and twice purified chromatographically. The uptake and metabolism of glucose were examined both in dormant ascospores and in those activated by incubation for 10 min at 60 C.
Uptake of glucose. Absorption of labeled glucose, emission of labeled CO2, and respiratory gas exchange were simultaneously determined by incubating the spores at 26 C in Warburg respirometer flasks. Each sample was suspended in a total liquid volume of 2.0 ml containing 0.1 M sodium phosphate adjusted to pH 5.0 and 1.4 X 10-2 M glucose at a specific activity of 20 to 27 ,c/mmole. The experiment was begun by adding the dormant or activated spores to the complete medium, after which the flasks were quickly attached to the manometers; 5 to 7 min of equilibration was allowed before the vents were closed and respiratory measurements were begun. Respiratory CO2 was absorbed in 0.2 ml of 10% KOH on a paper wick, and its radioactivity was determined by liquid scintillation counting. The same flasks served for the measurement of oxygen and glucose uptake by the technique described below. CO2 output was determined by Warburg's direct method in a parallel series of flasks containing unlabeled glucose.
At the end of the incubation period, approximately one-half the contents of each Warburg flask was transferred to a filter, and the medium was separated from the spores. With the same pipette for every sample, exactly 250 ,.liters of the filtrate was transferred to a scintillator vial, and the radioactivity was determined. Replicate determinations on the same solution always agreed to within 0.5%.
Extraction techniques. Labeled glucose was presented to the spores at a concentration of 5 X 10-5 M (specific activity, approximately 20 mc/mmole) in 5 ml of 5 X 10-3 M phthalate buffer (pH 5.7) in 50-ml Erlenmeyer flasks. These were sealed with corks carrying papers moistened with 0.1 ml of 20% aqueous KOH for the absorption of respiratory CO2. The papers were changed at intervals, and their radioactivity was estimated by the method of Yardley (32) . The flasks were shaken during incubation at laboratory temperature (23 to 24 C). At the end of this time, the spores were filtered free of residual medium and were washed twice on a filter with 5-ml portions of demineralized water. The spores were killed in 10 ml of 80% ethyl alcohol at 80 C for 10 min. Extraction of ethyl alcohol-soluble compounds was completed in two further changes of 80% ethyl alcohol over 48 hr at room temperature.
Lipids were next extracted over 24 hr in three 10-ml changes of chloroform-methanol (2: 1, v/v), the final change being at 45 C for 6 hr. This extract was equi-N, AND EILERS J. BACTERIOL. librated overnight against an equal volume of water, and the upper (water-methanol) layer was added to the ethyl alcohol extract. The combirted alcoholic solutions were taken to dryness in vacuo at 40 C, and the solid residue was extracted with three 5-ml portions of dry diethyl ether and then quantitatively dissolved in 40% ethyl alcohol ("ethyl alcohol-soluble" material). Radioactivity in lipids was determined on the combined chloroform and diethyl ether extracts.
When dormant ascospores, which had been extracted in this way, were crushed with glass beads in the Nossal disintegrator and further extracted with 80% ethyl alcohol, the additional radioactivity extracted amounted to 17% of that in the "ethyl alcoholsoluble" fraction described above. With the exception of labeled trehalose (discussed below), almost all of this additional radioactivity was associated with compounds which either could not be eluted from the ionexchange resins used in subsequent fractionation or else were immobile in a variety of chromatographic solvent systems. Consequently, the disintegration of ascospores was not carried out as part of the routine extraction procedure.
Fractionation techniques. Ethyl alcohol-soluble compounds were fractionated by consecutive passage through beds (3 X 1 cm) of Dowex 50 (H+) and Dowex 1 (C03-) ion exchange resins. From these, neutral, basic, and acidic compounds were eluted with 100 ml of water, 4 N ammonium hydroxide, and 2 N ammonium carbonate, respectively. Acidic compounds were further fractionated by paper electrophoresis, with 0.2 N formic acid as an electrolyte (23) . The acids separated rapidly into a "low-mobility" fraction (including the carboxylic acids) and a "high-mobility" one (including phosphate esters). After elution from the paper, these fractions, and the neutral and basic ones described above, were analyzed by paper chromatography to identify the main labeled compounds present. The following solvent systems were used. (i) For neutral compounds: n-propanol-ethyl acetatewater (7:1 Treatment of the insoluble residue. After extraction by the above procedure, the insoluble matter from each spore sample was divided into halves. One half was sealed in a Pyrex test tube with 5 ml of 4 N HCl, and the other in another tube with 4 ml of 1 N H2SO4. The tubes were incubated at 100 to 105 C; 6 hr was allowed for the sulfuric acid hydrolysis, and 20 hr for the hydrochloric acid hydrolysis. After incubation, the HCl-hydrolysate was freed of acid and water in vacuo over silica gel and solid NaOH, and the residue was thoroughly extracted with water. The aqueous extract was applied to a column of Dowex 50 (H+), and all but the basic material was washed through with water and discarded. The bases were eluted with 4 N ammonium hydroxide and saved for further analysis. Sulfate ions were removed from the H2SO4 hydrolysate by exchange for acetate on a 10-ml bed of Dowex 1 (acetate). This resin was successively eluted with 100-ml portions of water and 6 N acetic acid, which left the sulfate ions adsorbed on the resin. The effluents were combined and concentrated in vacuo at 40 C to remove water and acetic acid, and the concentrate was subjected to the ion exchange fractionation already described. In this case, however, the basic fraction was discarded. Corresponding data obtained from ascospores during the first 5 hr after activation are also presented in Table 1 . There is a rapid acceleration of glucose uptake between the 2nd and 5th hr, resulting in the uptake of 52.5 ,umoles of glucose per 100 mg of ascospores after 5 hr. Concomitantly, the emission of radioactive CO2 increases, but, in this case, the proportion of absorbed glucose-carbon appearing in the CO2 does not exceed 23%. In contrast to the dormant spores, the bulk of glucose-carbon absorbed is not con- 41% .
In Table 1 the ratio of the specific activity of respiratory CO2 to that of supplied glucose is presented. For each time-interval, this ratio is equal to the fraction of the respiratory CO2 contributed by exogenous glucose. In dormant spores, from the 4th hr onward, 50% or more of the respiratory CO2 is derived from exogenous glucose, and the overall value for the entire 72-hr period (54%) agrees closely with the value of 56% derived from equation I. However, immediately after activation, the contribution of absorbed glucose to respiratory CO2 falls to around 1% of the total and remains at this low level for at least 2 hr. After this time, the ratio rapidly increases to 39% at 5 hr (41% by the previous calculation). These figures are therefore in agreement with those derived above.
Overall incorporation patterns. Ascospores were incubated for up to 5 hr in dilute (5 x 1O-5 M) labeled glucose of high specific activity. Radioactivity incorporated into the lipids and ethyl alcohol-soluble and -insoluble materials of the spores, as well as into respiratory CO2, is shown in Table 2 . Glucose absorption was not determined, and radioactivity in volatile compounds such as ethyl alcohol or acetaldehyde [which are known to be produced, especially immediately after activation (27) ], and in the spore residue that is insoluble after strong acid hydrolysis, -were not determined. Nevertheless, the data reflect certain important features of glucose utilization by both types of spore. In the dormant spores, radioactivity in each of these fractions increases steadily during the 5-hr period. Incorporation of radioactivity into CO2 becomes proportionally greater with time, but, even after 5 hr, over half of the recovered label is in other constituents, including a large proportion in ethyl alcoholinsoluble compounds. Therefore, dormant ascospores possess the enzymatic apparatus not only for the dissimilation of glucose, but also for the synthesis of complex cellular materials from this substrate.
In the case of activated ascospores, incorporation of radioactivity into all major fractions is much slower during the 1st hr than in dormant spores (Table 2) . However, between 60 min and 2.5 hr, the rate of incorporation increases markedly, and this trend is continued to 5 hr except in the ethyl alcohol-soluble fraction. After 5 hr, label in all fractions, except the ethyl alcoholsoluble one, surpasses that in dormant ascospores, and over 90% of the recovered radioactivity is divided more or less equally between respiratory CO2 and ethyl alcohol-insoluble material. Thus, at this time, activated spores are capable both of rapid glucose dissimilation and of synthesis of cell material from this substrate.
Radioactivity in lipids was not further investigated. The ethyl alcohol-soluble and -insoluble fractions were further fractionated by means of ion-exchange resins with the results shown in Fig.   1 and 2. Fig. 1 refers to ethyl alcohol-soluble compounds, and shows the following features: (i) In dormant spores, an increasing proportion of the radioactivity could not be recovered from the ion exchange resins ("other compounds," Fig. 1A ). In the 5-hr sample, the retained radioactivity amounted to 69% of that applied to the resins. Recovery in the case of activated spores, on the other hand, varied from 78 to 87%, and showed no tendency to decrease with time of incubation (Fig. 1B). (ii) Of the fractions recovered from the exchange resins, neutral compounds were consistently the most radioactive, and acidic compounds, the least, in extracts of dormant spores. After 2.5 hr of incubation, ethyl alcohol-soluble radioactivity, and acids for only 5.2%. However, in activated spores, the acidic fraction was more heavily labeled than the neutral (25.5 and 10.1 %, respectively, of the radioactivity in the ethyl alcohol-soluble fraction after 2.5 hr); the basic fraction was most radioactive, at least up to 5 hr. Furthermore, from 2.5 hr onward, the total radioactivity in the acidic and basic fractions of activated spores was three to five times higher than in those of dormant spores. (Table 6) , and phenylalanine appeared also to be labeled. Radioactivity in the neutral fraction was present in glucose and in a sugar provisionally identified as ribose, which contained 45% and 40% of the label in this fraction, respectively. Hence, the nonelutable material is complex and probably polymeric in structure.
Most of the ethyl alcohol-insoluble radioactivity in both dormant and activated spores occurred in neutral and basic compounds (Fig. 2) . Further analysis of these fractions is presented below. Radioactivity in organic acids accounted for less than 6% of the total, and was not further investigated.
Because of the weak labeling of activated spores during the 1st hr, detailed comparisons of the products of glucose utilization were made with the 2.5-hr samples. The radioactivity in each identified compound (Tables 3 through 5) was calculated from the percentage of the total radioactivity on the paper after chromatography, and all values were based upon the results obtained in at least two different solvent systems.
Basic fraction of ethyl alcohol-soluble compounds. Table 3 shows the radioactivity in the main identified components of the soluble basic material. In both dormant and activated spores, approximately 70 to 80% of the label is associated with glutamic acid, glutamine, and alanine. Smaller amounts of radioactivity in the activated spores occur in glycine and serine, cysteine, and valine, but the lower radioactivity in the dormant spores prevents accurate determination of label Fig. 3 , radioactivity in the lowmobility acids, initially below that of the highmobility group, exceeded the latter after 5 The distribution of radioactivity among the low-mobility acids after 2.5 hr of incubation is given in Table 4 . The large proportion, 55%, of unidentified radioactive material in the dormantspores mainly represents compounds which remained at the origin in all solvents used. An additional 20% of the label is in pyrrolidone carboxylic acid (PCA), perhaps derived from glutamine during extraction. Nevertheless, small but definite amounts of radioactivity were found in the tricarboxylic acid cycle compounds, citrate, malate, succinate, and fumarate. Lactic acid, known to be present in these ascospores (27) , contained little or no radioactivity. Essentially the same distribution of radioactivity in this fraction was found in extracts of spores incubated for 30 min.
In activated spores, an increase in the radioactivity of all the acids in Table 4 can be discerned. However, the sharpest increases occur in the tricarboxylic acid cycle acids, especially malate. These contain almost 13 times the total radioactivity of the corresponding acids in dormant spores, and account for 63 %O of the radioactivity of the low-mobility acids (as compared with 24.5% in the dormant spores). As in the dormant spores, most of the unidentified radioactivity is accounted for by compounds which remain at the origin. The small increase in the labeling of PCA parallels that in glutamine (see above).
Neutral fraction of ethyl alcohol-soluble compounds. Radioactivity in this fraction falls into three groups: "polysaccharides," which remain at the origin during paper chromatography, the disaccharide trehalose, and the monosaccharides and hexitols. With the exception of one minor, unidentified component, radioactivity in all of these was higher in the dormant spores than in the activated ones (Table 5 ). After hydrolysis with 1 N H2SO4, approximately 43% of the radioactivity in the "polysaccharides" of dormant spores was found to be in glucose, and smaller amounts were associated with two unidentified substances, indicating that this fraction is heterogeneous. The identity of radioactive trehalose was confirmed by elution from paper chromatograms and hydrolysis with trehalase isolated from Neurospora (13) , upon which virtually all of the radioactivity was recovered as glucose. In dormant spores, almost all of the remaining radioactivity in the neutral fraction was found in the hexitols and glucose, which were the most radioactive neutral compounds in extracts of activated spores. The techniques used did not resolve these compounds precisely, but most of the radioactivity appeared to be associated with a hexitol, possibly mannitol, rather than with glucose. Enough of the hexitol was present in extracts of activated spores, although not of dormant ones, to be detected on chromatograms by the reagent of Bradfield and Flood (4 * Conditions were the same as in Table 3 , except in the case of the "nonelutable" material from dormant spores, which was derived from samples incubated 5 hr in labeled glucose. Results are expressed as the per cent radioactivity in each fraction.
extracted only after disintegration of the ascospores, as, for example, by the method of Nossal [20; see Lingappa and Sussman (17)]. Therefore, it appears that dormant ascospores incubated in labeled glucose possess two pools of trehalose, the more readily extractable of which has a specific activity (119,000 count/min per ,umole) that is approximately 2,000 times greater than that of the other, larger pool (56 count/min per ,umole). This observation is discussed below in relation to a possible compartmentation of the dormant ascospore.
Ethyl alcohol-insoluble compounds. The composition of the neutral and basic fractions of this material revealed only minor differences between the dormant and activated spores, at least after 2.5 hr of incubation. In the basic fraction, almost all of the radioactivity appeared to be in amino acids, although the possibility of small amounts in purines and pyrimidines, or in amino sugars, could not be ruled out entirely. The radioactivity in the principal labeled amino acids is shown in Table 6 . Except for phenylalanine in the activated spores, glycine, serine, alanine, glutamate, leucine, isoleucine, and methionine and tryptophan were the most heavily labeled amino acids.
In the neutral fraction, over 96% of the radioactivity could be accounted for as glucose (76 to 82%), mannose, and ribose in both dormant and activated spores. Net synthesis of ribose apparently follows activation, because, although glucose and mannose were easily detectable on chromatograms of both extracts [by use of, as locating reagents, alkaline silver nitrate (31), aniline-phosphoric acid (24) , or aniline diphenylamine phosphate (6)], ribose was detectable only in extracts of activated spores.
DIscussIoN
The restraint on the germination and development of dormant ascospores of Neurospora has been considered to represent a "metabolic block," which prevents the operation of metabolic pathways characteristic of vegetative cells (11, 26) . In this connection, the fact that trehalose is utilized by ascospores only after activation (17, 29) has focused attention on the possible role of trehalose breakdown in initiating spore germination. The presence of the enzyme trehalase in both dormant and activated ascospores of N. tetrasperma has been demonstrated by Hill and Sussman (13), who discussed its possible importance in germination. Assuming that the first step in the utilization of trehalose is hydrolysis by trehalase to glucose, two fundamental questions can be asked: (i) what is the fate of glucose in activated spores, and by which pathways is it utilized, and, (ii) is the enzymatic machinery by which glucose is utilized in activated spores already present in the dormant spores, or are some components absent (or subject to repression) before activation?
The second question is concerned, in effect, with whether the restraint in dormant spores is exercised over a single enzyme (trehalase) or over several. The approach used in these experiments can provide only indirect evidence on this point, and, furthermore, because a substrate may induce the formation of an enzyme, it may be difficult to distinguish unambiguously between these alternatives. However, some answers do appear and will be discussed below.
Glucose utilization by activated ascospores. The low degree of labeling during the 1st hr is not to be attributed to a low capacity for glucose utlization, since at this time hydrolysis and utilization of the endogenous trehalose reserves of the spores are taking place rapidly (17) . More probably, exogenous glucose becomes diluted by the intracellular glucose so produced. The subsequent increase in labeling approximately corresponds to the exhaustion of endogenous trehalose and the reversion to lipid oxidation. Since at this stage up The probable significance of glycolysis and the tricarboxylic acid cycle as biosynthetic pathways may be inferred from the heavy labeling of alanine, glutamate, and glutamine, which together make up most of the radioactivity in the soluble basic fraction. Radioactivity is also incorporated into a variety of other amino acids, particularly in the insoluble material, indicating that proteins and polypeptides are important destinations of glucose-carbon. Finally, considerable amounts of glucose-carbon are incorporated into neutral compounds, mainly in the insoluble material. The apparent importance of hexitols in the metabolism of activated ascospores and their accumulation, seemingly at the expense of trehalose, have not previously been noted. Further investigation of these compounds, and also of the unidentified compounds which make up almost one-third of the radioactivity in this fraction (Table 5) , may give valuable information on the postactivation metabolism of these spores. The nature and function of the parent materials with which the sugars of the insoluble fraction are associated are not known. Glucose is known to be a constituent of the hyphal walls of N. crassa, and may account for as much as 50% of the walls of a 1-day-old culture, much of it in the form of a 3-1 , 3-glucan (21) . Mannose has been reported to be a minor constituent of the cell walls of N. sitophila (9) . On the other hand, ribose has not been found in the walls of Neurospora, although it occurs in those of some other fungi (9 Tables 3 through 6 . These similarities between dormant and activated spores serve also to emphasize the differences between the two which exist in the labeling of individual compounds, or groups of compounds. Thus, the tricarboxylic acid cycle acids, and, to a lesser extent, the associated amino acids, are much less heavily labeled in the dormant spores than in the activated ones after 2.5 hr of incubation, despite the similarity in the amount of labeled glucose metabolized up to this time (Tables 2, 3 , and 4). These results may signify merely that the "turnover pools" (18) of these compounds are smaller in dormant spores than in activated ones. On the other hand, it is possible that a "replacement reaction" ancillary to the tricarboxylic acid cycle may not achieve peak effectiveness until after activation. In either case, the functioning of the cycle as a biosynthetic pathway may be impaired.
Relatively large amounts of radioactivity are found in dormant spores in two groups of ethyl 559 VOL. 91, 1966 on October 19, 2017 by guest http://jb.asm.org/ Downloaded from alcohol-soluble polymers which are absent, or at least much less conspicuous, in activated spores. One of these occurs in the neutral fraction (Table  5) which yields glucose and two other unidentified labeled sugars upon hydrolysis. The other group, which is the more heavily labeled, does not elute from the ion-exchange resins used and may possess high charge-density. Upon hydrolysis it yields glucose, ribose, and 9 to 11 labeled amino acids, and may represent one or more glycopeptides. Inasmuch as these do not dialyze, their molecular weight probably exceeds 10,000. The significance of the accumulation of radioactivity in these polymers is not clear, but it is possible that they are precursors of more complex, insoluble material, rather than storage products. If this is true, their accumulation in dormant spores could be due to an enzymatic deficiency, which is overcome only after activation. This seems especially likely in the case of the glycopeptidelike polymers, in which the labeling of the principal amino acids (Table 6 ), as well as of glucose and ribose, strongly resembles that of the ethyl alcohol-insoluble material. Glycoproteins have been recorded as being constituents of the cell wall of yeast (15) , although glycopeptides are not known to be intermediates in their synthesis.
It appears unlikely that the enzymes which catalyze the utilization of glucose arise by sequential induction. The incorporation of glucosecarbon into CO2 and into the main cell fractions, including the ethyl alcohol-insoluble material, proceeds in dormant spores without a noticeable lag ( Table 2 , Fig. 1 and 2) . Although it is possible that the induction of one or two enzymes might escape detection, citrate, malate, succinate, and fumarate become labeled within 30 min after introduction of the CQ4-glucose, suggesting that most, if not all, of the enzymes of glycolysis and the tricarboxylic acid cycle may be present in the dormant spores. Therefore, the accumulation of ethyl alcohol and acetaldehyde during the first 2 hr after activation (27) may be due, not to the absence of a functional tricarboxylic acid cycle, but to aerobic fermentation caused by the rapid carbohydrate catabolism occurring at this time. The accumulation of acetaldehyde and ethyl alcohol may be important to germination, because both compounds have been observed to activate dormant ascospores (10, 30) .
The restraint upon the breakdown of trehalose in the dormant ascospore still awaits elucidation. Inasmuch as trehalase is present in the dormant ascospore, the hypothesis that enzyme and substrate are in some way segregated prior to activation has been favored [13; see Myrback and Ortenblad (19) for parallel observations in yeast].
In this connection, it is significant that the trehalose in dormant spores appears to occupy a cellular "compartment" that is remote from the metabolic activities described above. The location of trehalase, with respect to this compartment, is under investigation. The possibility remains that the breakdown of trehalose in activated ascospores is catalyzed wholly, or in part, by enzymes other than trehalase, although such enzymes have not been described. But, even if this should be the case, the present studies with labeled glucose give valid insights into the principal pathways of carbohydrate utilization in dormant and activated ascospores.
